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ABSTRACT
A two-stage compression variable frequency air source heat pump is proposed combining variable frequency
technology with two-stage compression cycle. The empirical formula of optimal intermediate pressure is calculated,
and two-control-model with the priority target as coefficient of performance (COP) or heating capacity is advanced
in this paper. A test bench is developed for the two-stage compression variable frequency air source heat pump in
order to observe the practical operation and obtain the measured data. The COP and compressor discharge
temperature in the single-stage compression system and two-stage compression system at different evaporating
temperatures are measured, and the variation of heating capacity in the two-stage compression system along with the
evaporating temperature and power frequency of low pressure stage compressor is investigated experimentally too.
The experimental results show that the COP is over 2, the compressor discharge temperature under 120 ºC, and the
heating capacity can meet the heating load needed when the condensing temperature is 50 ºC and evaporating
temperature -25 ºC. Also the experiment shows this system runs safely and steadily, which can be used in the cold
regions where outdoor temperature is not lower than -18 ºC.

1. INTRODUCTION
Compared with other heat sources of heat pump, the air source has the advantages such as lower initial investment,
convenient maintenance and little influence to surroundings, so the air source heat pump is used most widely around
the world. In China, the air source heat pump has been used successfully in the middle and lower reaches of the
Yangtze River, south China and southwest China since 1990’s since it can meet cooling need in summer and heating
need in winter with low energy consumption. However, when the air source heat pump is used in north China in
winter, where the outdoor temperature is very low, there are some problems such as insufficient heating capacity,
lower coefficient of performance (COP), and very high compressor discharge temperature except the frost on the
outdoor heat exchanger, which block its application in those cold regions.
Beside the auxiliary heat source for the heating supply, much research had been made to solve the heating problems
of air source heat pump in cold regions. A new type of heat pump with a kerosene-fired burner was developed to
improve the heating capacity and the COP (Masaji, 1998). An air source heat pump with an inverter scroll
compressor and liquid injection was proposed (Horiuchi, 1997), which increases the rotary speed under low ambient
temperatures and injects liquid refrigerant into compressor to decrease the compressor discharge temperature. Based
on the system proposed by Horiuchi, a system with an economizer and vapor injection was developed (Ma et al,
2003). A two-stage coupling compression system was developed to use air source heat pump to absorb heat from
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outdoor air and to obtain water of 10-20 ºC, then make higher temperature water for building heating with another
heat pump unit (Ma et al, 2001). A ternary mixture refrigerant was used to improve the COP of heat pump for cold
climates (Sami and Tulej, 2001). Also a compression/absorption heat pump system was invented (Hulten and
Berntsson, 2002), and the waste heat is used to drive the absorption heat pump to get hot air, which is then used as
the heat source of vapor compression heat pump, and finally get hot water for heating requirement. The research
above has improved the heating performance of air source heat pump for cold climates with different methods.
A two-stage compression variable frequency air source heat pump (TV-ASHP) system for cold regions is proposed
in this paper. The test bench with a standard cooling capacity of 16 kW is built up and the system performance of the
TV-ASHP is measured and observed.

2. DEVELOPMENT OF TV-ASHP
The TV-ASHP system developed in this paper is shown in Figure 1. The uncompleted intercooling two-stage
compression cycle is adapted, and the system mainly includes a low pressure stage compressor, a high pressure stage
compressor, an outdoor heat exchanger, an indoor heat exchanger, an intercooler, two throttling devices, a four-way
valve, and a solenoid valve. Three work conditions including the single-stage compression cooling, single-stage
compression heating and two-stage compression heating can be carried out by controlling four-way valve and
solenoid valve and changing the refrigerant flow circuit. The work conditions of single-stage compression cooling
and single-stage compression heating are as same as the ones of common air source heat pump system. The high
pressure stage compressor does not work at all, meanwhile the throttling device I is closed and solenoid valve is
open. In single-stage compression cooling condition, the four-way valve is power off while the indoor heat
exchanger turns into the evaporator and the outdoor heat exchanger is the condenser. In single-stage compression
heating condition, the four-way valve is power on while the indoor and outdoor heat exchanger reciprocate their
roles.
When the heating efficiency of single-stage compression under low ambient temperature is lower than the one of
two-stage compression condition, the throttling device I is open, the solenoid valve is power off and the high
pressure stage compressor begins to run. Then the heat pump system works in two-stage compression heating
condition. The low pressure refrigerant vapor in the outdoor heat exchanger is first inhaled by low pressure stage
compressor and compressed to the intermediate pressure. After mixing with refrigerant vapor from intercooler outlet,
the vapor is inhaled into high pressure stage compressor and compressed to discharge pressure, and then flows into
indoor heat exchanger and is condensed to liquid refrigerant. The liquid refrigerant from the condenser is divided
into two parts: one part is throttled through throttling device I, enters the intercooler and evaporates into vapor, enter
the high pressure stage compressor after mixing with the discharge vapor from the low pressure stage compressor;
another part of liquid refrigerant becomes the subcooled liquid with very large subcooling degree in the intercooler,
expands through the throttling device II and becomes low pressure two-phase refrigerant. After absorbing heat in the
outdoor heat exchanger, two-phase refrigerant is converted into vapor and inhaled by the low pressure stage
compressor, and finally the refrigerant finishes the cycle. When the system operates in heating condition in winter,
the reverse defrosting method is used to remove the frost on the outdoor heat exchanger.

Figure 1: Schematic of TV-ASHP system
1- low pressure stage compressor 2- high pressure stage compressor 3-four-way valve 4- intercooler
5- receiver 6-throttling device I 7- throttling device II 8- one-way valve 9-indoor heat exchanger
10-outdoor heat exchanger 11-solenoid valve
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When the outdoor temperature is very low, air source heat pump with two-stage compression has a great superiority
over other systems. Nevertheless, the two-stage compression system with conventional constant speed compressor
cannot ensure that the system works in the optimal intermediate pressure under all conditions because of the variety
of the outdoor temperature. On the other hand, though system heating capacity can be improved by the two-stage
compression cycle, it still cannot meet the heating requirement. The TV-ASHP system is proposed combining
variable frequency technology with two-stage compression cycle (inverter compressor for the low pressure stage and
constant speed compressor for the high pressure stage considering the initial cost). Two-control-mode with the
priority target as COP or heating capacity is advanced to assure the system higher COP when the heating capacity
can meet the heating load. That is, when the heating capacity meets the heating load, the system works in the mode
of COP priority and is kept the optimal intermediate pressure by changing the power frequency of low pressure
stage compressor. But if the heating capacity is insufficient for demand, the control mode of heating capacity
priority has to be chosen and the power frequency should be adjusted to meet the heating demand. With the TVASHP system, in conclusion, the heating capacity is enhanced with two-stage compression and increase of power
frequency of low pressure stage compressor together, COP is improved with two-stage compression and optimal
intermediate pressure by power frequency adjustment of low pressure stage compressor together, and the discharge
temperature of high pressure stage compressor is decreased with the two-stage compression cycle, which are used to
solve the insufficient heating capacity, lower COP, and high compressor discharge temperature in the common air
source heat pump systems.

3. OPTIMAL INTERMEDIATE PRESSURE
When the control mode of COP priority is chosen in the two-stage compression heating condition of TV-ASHP
system, the optimal intermediate pressure is the goal parameter for adjusting the power frequency of low pressure
stage compressor. Therefore it is important to learn how much the optimal intermediate pressure is in the different
conditions.
The maximal COP is the goal to determine the optimal intermediate pressure, pm, in a known condition. At first, the
initial value of optimal intermediate pressure is obtained with the formula pm = pc ⋅ pe from the known condensing
pressure, pc, and evaporating pressure, pe; and then add or subtract the small pressure interval around the initial
value, calculate the COP with the system simulation method; finally, choose one intermediate pressure at which the
COP is largest, the optimal intermediate pressure is obtained then.
Figure 2 shows the optimal intermediate pressure of TV-ASHP system with the scroll compressors when the
evaporating temperature is 10 – -25 ºC and the condensing temperature is 45,50 or 55 ºC. The simulation condition
is: refrigerant subcooling degree at the condenser outlet is 5ºC, the vapor superheating degree at the inlet of low
pressure stage compressor is 10ºC, and the temperature of high pressure liquid refrigerant at intercooler outlet is 5ºC
higher than the intermediate temperature. The formula to calculate the optimal intermediate pressure is fitted from
the simulation results as follows:

Optimal intermediate pressure /102kPa
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Figure 2: Optimal intermediate pressure

pm = 0.957 + 1.99 pe − 0.133 pe2 + 0.197 pc

(1)

The unit of pe, pm, and pc is 102kPa. Equation (1) can be used for operation control of TV-ASHP system with the
scroll compressors.
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4. TEST BENCH
Figure 3 shows the test bench of TV-ASHP whose standard cooling capacity is 16kW. The test bench consists of
heat pump system, glycol-water system, indoor water system, control system, and measurement system. Three
conditions including the single-stage compression cooling, single-stage compression heating and two-stage
compression heating can be carried out at different condensing and evaporating temperatures.
The heat pump system is same with the TV-ASHP system shown in Figure 1. Variable frequency compressors are
applied for low pressure stage compressor and high pressure stage compressor in order to study the component
matching and system performance. A 5HP variable frequency compressor is used as low pressure stage while a 3HP
variable frequency compressor is used in high pressure stage. The glycol-water system consists of plate-type heat
exchanger, tank, electric heater, pump and flow meter. The mass concentration of glycol in the glycol -water
solution is 50%, so the freezing point can be as low as -35 ºC, which can be used to simulate the very low outdoor
environment. Indoor water system is constituted with plate-type heat exchanger, water tank, electric heater, pump
and flow meter.
The parameters controlled in this test system are the power frequency of compressor, evaporating pressure,
condensing pressure, intermediate pressure. The power frequency of low pressure stage compressor or high pressure
stage compressor is adjusted with the variable frequency controller. The evaporating pressure is adjusted by the
glycol-water temperature at outdoor heat exchanger inlet, whose temperature is controlled with the voltage regulator
of electric heater in the glycol-water tank. The condensing pressure is adjusted by the water temperature at indoor
heat exchanger inlet, whose temperature is then controlled with the voltage regulator of electric heater in the indoor
water tank and tap water together. The intermediate pressure is controlled mainly with the power frequency of low
pressure stage compressor.
The parameters measured in this test system include the refrigerant temperatures and pressures at different test
points, water temperatures at indoor heat exchanger inlet and outlet, glycol-water temperatures at outdoor heat
exchanger inlet and outlet, indoor water flow rate, glycol-water flow rate, compressor power consumption. There are
twelve copper constantan thermocouples (measurement precision is ±0.2 ºC) set in the refrigerant circuit to obtain
the suction temperature, discharge temperature, refrigerant temperature at the heat exchanger inlet and outlet, as well
as the refrigerant temperature at the high pressure inlet and outlet of intercooler. Four voltage-output type pressure
sensors with the precision of ±0.1% are used to measure the refrigerant pressures at the inlet and outlet of low
pressure stage compressor, the refrigerant pressure at the outlet of high pressure stage compressor and throttle device.
The water temperatures and glycol-water temperatures at heat exchanger inlet and outlet are measured with four
platinum resistance temperature sensors, whose precision is ±0.1 ºC. The compressor power consumption is
measured with the Fluke power meter. Two glass rotor flow meters, calibrated with a calibration cylinder, are used
to measure the flow rate of glycol-water solution and indoor water. These sensors above all produce electric voltage
or current, which are sent to a data logger and a computer to record the test data.

Figure 3: Test bench
1- indoor heat exchanger 2-flow meter 3-pump 4- water tank
5- electric heater 6-glycol-water tank 7- outdoor heat exchanger
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5. EXPERIMENTAL RESULTS AND DISCUSSION
With the TV-ASHP test bench, the COP and discharge temperatures of single-stage compression and two-stage
compression, and heating capacity of two-stage compression are measured. Meanwhile, the lubricant return to both
low pressure and high pressure stage compressors and the system reliability are observed.
The condensing temperature is kept 50±0.5 ºC and the evaporating temperature is controlled among 0 – -30ºC. In the
experiment, the evaporating temperature is taken as the saturation temperature corresponding to the refrigerant
pressure at the outdoor heat exchanger inlet and the condensing temperature is the saturation temperature
corresponding to the refrigerant pressure at the indoor heat exchanger inlet. The parameters can be recorded only
when the work condition has been kept stable within 30 minutes (the variations of water temperatures at the heat
exchanger inlet and outlet are less than 0.5ºC). One record each 30 seconds, total 10 times, the test data are taken
with the average value of 10 recorded data.

5.1 Comparison of COP in Two-stage and Single-stage Compression
Figure 4 shows the comparison of COP in two-stage and single-stage compression heating condition when the
condensing temperature is 50ºC. Here the two-stage compression heat pump system is operating at the optimal
intermediate pressure. The COP of both two-stage and single-stage compression system goes down along with the
decrease of the evaporating temperature, but the decreasing rate is more less for two-stage compression system,
especially when the evaporating temperature is lower. As shown in Figure 4, the COP of two-stage compression
system is still more than 2 when the evaporating temperature is -25ºC. The COP of two-stage compression system
exceeds the one of single-stage compression system when the evaporating temperature is below -7ºC. The results
above show that the COP of TV-ASHP system is noticeably higher than the common single-stage compression heat
pump in cold regions. The lower outdoor temperature, the more the energy saving.

5.2 Comparison of Discharge Temperature in Two-stage and Single-stage Compression
The variations of the discharge temperature of compressor, Td, along with the evaporating temperature in two-stage
and single-stage compression system are shown in Figure 5 when the condensing temperature is 50ºC. The discharge
temperature in single-stage compression system increases dramatically when the evaporating temperature goes down.
When the evaporating temperature is -15ºC, the discharge temperature rises to 130ºC, which is harmful to the
compressor. In the case of two-stage compression system, the increasing rate of discharge temperature is less. When
the evaporating temperature is down to -25ºC, the measured discharge temperature of high pressure stage
compressor is below 120ºC, with which the compressor can still run reliably and safely.
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Figure 4: Comparison of COP
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Figure 5: Comparison of discharge temperature

5.3 Heating Capacity of TV-ASHP
Figure 6 shows the variations of the heating capacity, Qc, along with the evaporating temperature when TV-ASHP
system is operating at the optimal intermediate pressure. The heating capacity goes down along with the decrease of
the evaporating temperature, and is only 9kW when the evaporating temperature is below -25ºC (outdoor
International Refrigeration and Air Conditioning Conference at Purdue, July 17-20, 2006

R040, Page 6
temperature is about -18ºC) though it has been greatly improved. For the heat pump unit with the standard cooling
capacity of 16kW, the minimal heating capacity must be higher than 12kW in order to meet the heating demand.
That means only the two-stage compression in optimal condition alone cannot satisfy the heating requirement when
the outdoor temperature is very low. So the system should adjust the power frequency of low pressure stage
compressor by the control mode of heating capacity priority.
Figure 7 shows the variations of the heating capacity with the power frequency of low pressure stage compressor, f1,
when the condensing temperature is 50ºC and the evaporating temperature is -25ºC. The heating capacity rises along
with the increase of the power frequency of low pressure stage compressor and the heating capacity reaches 12.6 kW
when f1=80Hz. Basing on the improvement of two-stage compression in optimal condition, increase of power
frequency can enhance the heating capacity further, which can meet the heating demand without auxiliary heat
source in cold regions.

5.4 Operation of the test system
During the experiment period of three months long, the system reliability of TV-ASHP had been observed. The
lubricant return into both the high pressure and low pressure stage compressors could be observed through sight
glasses in compressors. During the experiment, the lubricant level in compressors is quite stable and there never
appears a return lubricant distribution imbalance. The switch of single-stage and two-stage compression heating
mode is in order.
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6. CONCLUSIONS
In this paper, a two-stage compression variable frequency air source heat pump has been proposed combining
variable frequency technology with two-stage compression cycle, and two-control-mode with the priority target as
COP or heating capacity has been advanced to assure the system higher COP when the heating capacity can meet
the heating load needed. A test bench has been developed, and with which experimental investigation has been done.
The results show that the COP is higher than 2.0, the discharge temperature of high pressure stage compressor is
below 120ºC, and the heating capacity can meet the heating load needed when the condensing temperature is 50ºC
and the evaporating temperature is -25ºC. The test system works in a stable state and the lubricant return is well. In
general, the TV-ASHP system developed in this paper can meet the heating demand without auxiliary heat source in
cold regions where outdoor temperature is not lower than -18 ºC.

NOMENCLATURE
COP
f
p
Q
T

coefficient of performance
power frequency (Hz)
pressure (kPa)
heating capacity (kW)
temperature (ºC)

Subscripts
c
condensing
d
discharge
e
evaporating
m
intermediate
l
low pressure stage
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